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Abstract
Increased jet boat use in Alaskan rivers has raised concerns about possible impacts 
on salmonid reproduction. During field trials at Katmai National Park/Preserve, artificial 
redds were seeded with fertilized, water-hardened eggs o f sockeye salmon Oncorhvnchus 
nerka and subjected to the action o f a passing jet boat (5-m jon boat, 40-hp outboard 
engine). At water depths o f 13-23 cm, multiple jet boat passes caused movement of 
stream gravel resulting in embryo mortality approaching 100% in some artificial redds. At 
depths greater than 23 cm, treatment mortality was apparently less than 20%. Alteration 
of spawning behavior o f sockeye salmon due to low level jet boat activity (one pass) was 
minimal. Important management considerations may include jet boat size, intensity o f jet 
boat traffic, and stream channel characteristics. Attempts to regulate jet boats should be 
made on a case-by-case basis, avoiding blanket restrictions that fail to take site-specific 
conditions into account.
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Introduction
Dramatic increases in effort by freshwater anglers in southwestern Alaska have 
occurred in the last decade. For example, angler days in the region have more than 
doubled from 66,738 in 1982 to 125,146 in 1992 (Mills 1993). Rivers that once 
supported occasional fly-in anglers or rafters now support established camps and guided, 
fly-in operations. In 1989, over 20 such operators applied for use permits on the Togiak 
National Wildlife Refuge alone (Togiak NWR staff, personal communication). American 
Creek in Katmai National Park/Preserve currently has seven commercial jet boat operators 
(NPS Alaska Region staff, personal communication). Resource managers expect angling 
pressures to continue escalating within the region and in other areas o f the state.
Increasing angling pressure is resulting in boat operators venturing farther 
upstream into smaller, shallower tributaries to avoid crowding in main channels. To reach 
these areas, jet-driven jon boats are the vehicle o f choice because o f their shallow draft 
and high speed. Because these areas are typical o f Pacific salmon (genus Oncorhynchus) 
and rainbow trout Of mvkiss spawning areas, the general public and resource management 
agencies have raised questions regarding jet boat turbulence and its potential for negative 
effects on salmonid spawning success.
Increasing pressure has been placed on resource agencies in Alaska to regulate the 
use of jet boats in waters that support spawning populations of salmonids. Managers have
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been reluctant to take such steps because o f the paucity o f information regarding the 
impacts o f jet boats on salmonid reproduction.
Sutherland and Ogle (1975) have conducted the only known, published study on 
the effects o f jet boats on fish. They measured pressure fluctuations under a passing jet 
boat in a New Zealand river; empirically derived pressure fluctuations were then simulated 
in a laboratory while subjecting fertilized chinook salmon Ck tshawvtscha eggs to these 
conditions. Embryo mortalities o f up to 40% occurred. The authors concluded that the 
pressure waves created by jet boats in shallow water were capable of killing significant 
proportions o f salmon eggs incubating in the stream-bed. Their recommendations called 
for restrictions on jet boat activities in spawning areas during the spawning season. The 
authors' conclusions regarding conditions experienced by embryos in natural redds have 
been questioned.
An unpublished study in Missouri compared wake height and substrate disturbance 
in a stream created by similar sized motors equipped with a jet unit or propeller unit (Bush 
1988). Both boats caused significant disturbance in shallow water (18-26 cm); neither 
caused significant disturbance at depths of 44 cm. However, at water depths of 36 cm, 
physical disturbances from jet boats were less than those created by propeller boats. 
Further study o f jet boat disturbance on substrate was recommended in water less than 18 
cm deep where propeller-driven boats were not used.
Other studies relevant to the effect o f human-related impacts on fish reproduction 
have been: Godfrey (1957) on the effects o f electroshocking on developing trout and
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salmon embryos; Post et. al. (1974) on the effects o f underground nuclear detonations on 
survival of rainbow trout embryos; Mueller (1980) on the effects o f boat traffic on nest 
defense by longear sunfish Lepomis megalotus; Boussard (1981) on the reactions o f roach 
Rutilus rutilis and rudd Scardinius ervthrophthalmus to high speed boating; and Roberts 
and White (1992) on the effects of angler wading on survival of trout embryos and larvae.
Three possible concerns have been noted in relation to the effects of jet boats on 
stream salmonids: (1) the indirect effect of habitat alteration, and the direct effects of (2) 
destruction of eggs and larvae, and (3) behavioral alterations o f spawners. The goal of 
this study was to test the guiding (null) hypothesis that jet boat turbulence has no effect on 
salmonid reproduction (the indirect effects o f habitat alterations were not evaluated). The 
following objectives were addressed in order to achieve the goal:
Objective 1: estimate the mortality rates of embryos under various conditions;
Objective 2: evaluate the factors, or sets of conditions, that significantly increase mortality 
of embryos,
Objective 3: determine the effects o f jet boat turbulence on spawning behavior of adults; 
and;
Objective 4: identify measures, if appropriate, to minimize the effects o f jet boat 
turbulence on salmonid reproduction.
Methods
Field and laboratory experimentation was used to elucidate the physical 
mechanisms and quantify the effects, if any, o f jet boat turbulence on salmonid 
reproduction. Pressure under the hull o f passing boats and displacement of stream gravel 
caused by one or more jet boat passes were the two physical mechanisms explored in 
order to gain an understanding of the potential effects on incubating eggs. Salmon eggs 
buried beneath stream gravel were observed while a jet boat was passed over them to 
determine the likelihood o f jet boats moving eggs in redds. Impacts on reproduction were 
measured quantitatively through embryo mortality studies and qualitatively through 
observations of adult spawning behavior. During all trials, boats were driven on plane as 
fast as conditions permitted in a direction parallel to stream flow.
Pressure Measurements
Pressures were measured beneath passing jet-driven and propeller-driven boats o f  
various hull and engine types and sizes (Table 1). Measurements were made by staking 
down a pressure-sensitive transducer on the stream bottom and driving a boat over the 
sensor location. A Paroscientific Series 1000 Digiquartz absolute pressure transducer was 
linked via RS-232 to a portable computer (Figure 1). Pressure signals were measured by 
the transducer at frequencies o f 15-45 recordings/s and stored on a computer for future
15
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Table 1. Descriptions o f  boats used in pressure recording trials.
Boat Width (cm) Estimated
Number Hull Type Engine Where Used Length (m) Beam Bottom Weight (metric tons)
1 jon 40 hp outboard jet American Creek, AK 5.0 177 - 0.4
2 jon 50 hp outboard jet Chatanika River, AK 6.9 160 100 0.5
3 semi-V 88 hp outboard jet Chena River, AK 6.4 226 152 0.5
4 jon two 70 hp outboard jets Chena River. AK 6.0 220 152 0.9
5 semi-V two 340 hp inboard jets Rogue River, OR 9.1 351 244 3.9 (2 people)
6 semi-V two 340 hp inboard jets Rogue River, OR 9.1 351 244 3.9 (2 people)
7 semi-V three 340 hp inboard jets Rogue River, OR 12.8 431 366 10 (68 people)
8 planing 25 hp outboard prop Chena River, AK 3.6 145 - 0.2
9 semi-V 25 hp outboard prop Chena River. AK 4.3 165 - 0.2
10 jon 50 hp outboard prop Chena River, AK 6.9 160 100 0.5
r r e s su reSensingPort
Figure 1. Pressure transducer used for measuring jet pressure waves
Compu te r
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analysis. Gauge pressure was calculated by subtracting ambient pressure (atmosphere plus 
water depth) from absolute pressure; pressure difference was then calculated as the 
difference between the most extreme positive and negative readings (P^-P^n) obtained 
from a single boat pass. The pressure wave with the largest difference was selected from 
each boat as representing the most severe pressure wave possible for that boat at the given 
conditions. Water depth over the sensor varied depending on the type of boat being 
tested: 30 cm for outboard jet boats, 50 cm for inboard jet boats, and 60 cm for outboard 
propeller boats. Multiple passes were made in an upstream direction with each boat.
Pressure signal attenuation, as influenced by distance of a passing jet boat from the 
sensor, was measured. Boat passes were made in an upstream direction with a 6.9-m long 
jet boat (boat 2, Table 1) in the Chatanika River near Fairbanks. Pressure differences 
were compared at various distances (vertically and horizontally) from the mid-line o f the 
boat (Figure 2). With the sensor situated at various vertical distances (water and gravel 
depth) from the passing boat, passes were made with the boat mid-line centered over the 
sensor. Boat passes were made at 30 cm and 60 cm water depths with the sensor lying, 
unburied, on the stream bottom. The sensor was then buried beneath 10 cm o f stream 
gravel at 30 cm water depth (40 cm vertical distance) to measure the effect o f stream 
substrate on signal attenuation. Finally, with the sensor lying, unburied, on the stream 
bottom at 30 cm water depth, horizontal distance was varied by driving the boat at 20 cm, 
40 cm, and 60 cm offsets from directly over the sensor. Multiple passes were performed 
at each location.
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Figure 2. Stylized view (not to scale) of six sensor locations relative to the mid-line of a passing jet boat (boat 2, Table 1)
for pressure attenuation studies.
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Gravel Displacement
Particles of stream gravel were painted and used to detect patterns o f gravel 
(diameter range 39-76 mm) movement caused by a passing jet boat in the Chatanika River. 
A 20-L sample of the gravel was passed through a series of sieves and proportional dry 
weight retained by each sieve was calculated to characterize the range in gravel size. 
Painted stream gravel was placed at two stations at 20 cm water depth along the bottom 
of the stream (Figure 3). Water velocity near both stations was measured at 0.6 o f the 
total depth (12 cm) to estimate profile velocity. One station consisted o f three bands of 
colored gravel 15 cm apart on the stream bottom. Each band was a different color and 
band dimensions were approximately 30 by 300 cm. Bands were placed next to one 
another such that the long axis of each band was parallel to stream flow. Ten boat passes 
were made over the center band and gravel movement in each band was observed. A 
second station consisted o f a single band o f colored gravel 190 by 36 cm. This band was 
oriented so that the long axis was perpendicular to stream flow. The boat was passed 
downstream over the center o f the band and gravel movement observed. Boat passes 
were made with the same jet boat (boat 2, Table 1) used for pressure attenuation studies.
Egg Movement
An experiment performed in American Creek in Katmai National Park/Preserve 
was used to detect movement of eggs buried in gravel. Approximately 200 sockeye 
salmon OL nerka eggs were placed in a clear, rectangular box constructed of Plexiglas and 
plastic netting. Box dimensions were 30 by 9 cm, and 6 cm high. The top, bottom and
Station 1 __ ___ ___  x Station 2
o o o o o o o o o o o o o o o  1 \ \
o o o o o o o o o o o o o o o 0OOOOOOOOOOOOOOO cm 36o o o o o o o o o o o o o o o cm
15 cm OoOoo "v1,L Oq OooOOOOOOOOOOOOOO O'.... o q Oooo o o o o o o o o o o o o o o Boat Travel Boat Travel Oq Oooo o o o o o o o o o o o o o o <Cr:=~ ~~====t^ > OoOoo 1.9 mp o o o o o o o o o o o o o o OoOoo
—  ----- - - -3 m -. -..— - .. -..—- -' Oq OooStream Flow OoOoo
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o o o o o o o o o o o o o o o
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^
Figure 3. Stylized view (not to scale) of colored gravel stations used to detect gravel movement patterns from jet boat passes. to
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two adjacent sides were made o f plastic netting with 2.8 by 4 .2 mm mesh (nominal open 
area o f 46%) to allow water to flow freely through four o f the six surfaces. The remaining 
sides were constructed o f clear Plexiglas. The box with eggs was buried beneath 10 cm of 
gravel in 18 cm of water. A light source and remote underwater video camera directed at 
the box were also buried. A 5-m jon boat (boat 1, Table 1) was driven over the location 
occupied by the box and observations o f eggs during boat passes were made from video 
recordings.
Embryo Survival
Assessment of jet boat effects on embryo survival was attempted through a series 
o f experiments subjecting incubating salmonid embryos to either actual jet boat passes in 
the field (1992 and 1993) or simulated jet boat pressure waves in the laboratory (1993).
In all experiments, fertilized eggs (in some cases small percentages o f eggs were later 
discovered to be unfertilized) were placed in containers (artificial redds) and allowed to 
incubate until reaching a developmental stage o f interest. Following Scrivener (1988), 
artificial redds were constructed o f rigid, perforated, polypropylene tubing filled with 
stream gravel.
Sockeye salmon were used for field trials and rainbow trout were used for 
laboratory trials. Eggs were fertilized by collecting gametes from males and females (two 
to eight of each sex), pooling all gametes, activating sperm, and allowing fertilized eggs to 
water harden (Leitritz and Lewis 1976). As much as possible, all manipulation o f eggs 
occurred underwater within 2 h of water hardening.
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Jensen (1988) used the data o f Velsen (1987) to develop a computer model for 
relating rate o f embryonic development to mean incubation temperature for steelhead and 
five species o f Pacific salmon. These models were used to determine when embryos 
reached a developmental stage (Table 2) of interest. Timers, or reference groups of 
embryos, were used as empirical checks on developmental stages. Because timers were 
incubated near and simultaneous with test embryos, their development was considered 
representative o f development in test embryos.
Treatments were applied to replicate artificial redds. Embryos in control groups 
were handled similarly to embryos in treatment groups in every manner except for the 
actual treatment (with the exception of the 1992 field trial which did not employ a control 
group). Timers were checked when test embryos were removed.
Subsequent to treatment, artificial redds remained undisturbed for 3 d or more to 
allow embryonic development to continue. After the elapsed period, eggs were removed 
and placed in Stockard's solution [5% formalin (2% formaldehyde), 4 %  glacial acetic acid, 
6% glycerine, and 85% water (Jensen and Alderdice 1983)] for clearing and later 
examination. Eggs with obvious dead embryos (opaque) were kept separate from other 
eggs. Temperature models and checks of timers were used to determine the median stage 
of development exhibited by embryos surviving the experiment. By examining eggs under 
low power magnification, developmental stage was determined, when possible, for 
fertilized eggs. If embryonic development present in an egg was earlier, relative to the 
stage of development (range of stages) expected for surviving embryos, the embryo was
24
Table 2. Representative stages o f embryonic development (taken from Jensen 1988, and
Jensen and Alderdice 1989 as modified from Ballard 1973).
1 Mounding of cytoplasm into single cell at animal pole
2 2-cell; first cleavage; first five divisions in horizontal plane
3 4-cell
4 8-cell
5 16-cell
6 32-cell; succeeding divisions in horizontal and vertical planes
7 Morula; numerous small cells; periblast surrounding morula; high near- 
hemispherical mound initially, then
8 Spreading into flattened blastodisc
9 Appearance of embryonic shield, germ ring, terminal node
10 1/3 epiboly (1/3 overgrowth o f blastoderm over yolk)
11 1/2 epiboly
12 3/4 epiboly
13 Yolk plug not greater than head width, otic and otic placodes (epidermal 
thickenings) present
14 Yolk plug closed; yolk enclosed by blastoderm
15 Hindbrain swelling; tail mound raised but not undercut
25
Table 2. Continued.
16 Tailbud free from yolk surface; one or two branchial pouches
17 Heartbeat; first branchial cleft; head not undercut; spontaneous trunk movements
18 1/4 yolk surface vascularized; pectoral fin buds; trunk-tail half of body free of 
yolk sac; faint eye pigmentation
19 2/3 yolk surface vascularized; head undercut to jaw level; mouth not open
20 3/4 yolk surface vascularized; eyes fully pigmented; head free and mouth open; 
cerebral hemispheres forming
21 Caudal flexing o f vertebral column, pectoral fins twitching
22 Operculum covers first branchial slit; dorsal mesenchyme
23 operculum covers all branchial arches; beginning of hatching; rhythmic breathing 
movements and frequent body wriggling and twitching; fin rays developing in 
anal, caudal, and dorsal fins
24 50% hatch
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considered to have died prior to termination of the experiment (experimental mortality). 
Not all experimental mortality could be attributed to treatment effects. Only those 
embryos exhibiting a stage of development similar to that present in timers taken at the 
time of treatment could have died from acute effects due to treatment. Embryos 
exhibiting an earlier stage o f development were assumed to have died from non-treatment 
causes. Embryos dying at a later stage than treatment may have died from either 
non-treatment effects or delayed treatment effects. Experimental mortality in control 
groups was assumed to have resulted from non-treatment sources.
Some eggs were opaque, fimgused, or otherwise obscured after clearing making it 
impossible to determine whether or not they were fertilized. These individuals, as well as 
unfertilized eggs, were excluded from analyses.
Field Procedures
Field experiments were conducted at American Creek in Katmai National 
Park/Preserve (Figure 4). American Creek is a headwater stream in the Naknek Drainage 
originating from Hammersly Lake and flowing approximately 63 km to Coville Lake. 
American Creek becomes highly braided beginning approximately 10 km upstream from 
the mouth. This facilitated selection of stream reaches excluding non-experimental jet 
boat traffic. American Creek has a significant sockeye salmon spawning escapement. 
Buck et. al. (1978) reported annual sockeye salmon escapements of 90,000-100,000 to 
American Creek in some years. Because o f the abundance of sockeye salmon and the
K>
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temporary opportunity for limiting jet boat access in American Creek, this species and site 
were selected as suitable for field trials.
Field studies were conducted on two separate, free flowing side channels of 
American Creek. The channels were approximately 12 km upstream from the mouth and 
located on opposite sides o f the main channel o f American Creek. Both channels were 
connected at the head and mouth to the main channel o f American Creek. The West 
channel, designated Dolly Varden Slough, was approximately 300 m long; the East 
channel, designated Jet Boat Slough, was approximately 400 m long.
All treatments performed at American Creek were done with a 5-m long jet boat 
(boat 1, Table 1). Additional weight consisted of two people and minimal gear.
1992 Field Trial
From August 12 through August 27, an experiment to estimate the effect o f boat 1 
(Table 1) on sockeye salmon embryo survival was performed. The experiment consisted 
of one treatment section on Dolly Varden Slough and two index sections on Jet Boat 
Slough. Index section 1 was located approximately 50 m upstream from index section 2. 
The index sections could not strictly be considered controls because gamete source, 
fertilization date, and stream characteristics, were not identical to the treatment section. 
Characterization of Jet Boat Slough was attempted by measuring substrate composition 
and water depth, velocity, discharge, and temperature. Substrate composition was 
estimated by filling a 20-L bucket with gravel from the upper 20 cm of substrate at a point 
near the center of the section. This procedure was repeated in both sections and each
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sample was graded through a series o f sieves. Proportional dry weight retained by each 
sieve was calculated for each sample. Stream velocity profiles were measured at a midway 
point in each section. A data logger recorded the hourly maximum, average, and 
minimum water temperature at 15 cm gravel depth taken at four minute intervals. The 
data logger was located slightly upstream o f both index sections. Water depth was 
measured over the location of each artificial redd. Characterization o f Dolly Varden 
Slough consisted of water velocity and depth measurements only.
Sockeye salmon were captured by seine and gametes were stripped. Gametes for 
the treatment section were obtained from two females and two males (midorbital-hypural 
length ranges: 51-55 cm); gametes for index sections were obtained from three females 
and three males (midorbital-hypural length ranges: 56-59 cm). Following water 
hardening, alternating layers o f eggs and stream gravel were placed in containers. 
Containers were made from polypropylene tubing with an inside diameter o f 3 .8 cm, 
length of 10 cm, and pore size o f 2.8 by 4.2 mm (nominal open area of 46%). 
Approximately 20 eggs were placed in each container. After filling containers, a 
perforated plastic lid was placed over each end of the cylinder thereby encapsulating all 
eggs and gravel. A section of colored flagging was attached to one end of each capsule.
On August 12, 5 capsules (approximately 100 eggs per section) were placed in 
each o f the two Jet Boat Slough index sections for a total o f 10 artificial redds. On 
August 14, 10 capsules (approximately 200 eggs) were placed in the Dolly Varden Slough 
treatment section. The earlier fertilization date for index eggs relative to treatment eggs
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resulted in advanced development in index embryos throughout the experiment. Capsules 
were buried in the stream bottom along transects in evenly spaced (approximately 0.5 m), 
pre-excavated depressions beneath approximately 15 cm of stream gravel. By leaving the 
colored flag that was attached to each capsule exposed, capsules could be visually located 
each day and easily retrieved at the end of the experiment. The entire transect in each 
section was covered with a 1.2 m wide length of chicken wire pinned flat to the bottom 
with re-bar stakes in an attempt to protect the capsules from being dislodged by the 
digging action of spawning fish.
For six consecutive days, August 19-24, artificial redds in Dolly Varden Slough 
were treated. Two upstream passes were made, daily, with the boat driven on plane and, 
as nearly as possible, the mid-line of the boat centered directly over the transect.
Following daily treatments, the section was left undisturbed until August 27 when capsules 
and eggs from treatment and index sections were removed. Examination of timers from 
treatment and index sections removed concurrently indicated the median stage of 
development for surviving embryos in each group.
Daily during the treatment period, the chicken wire covering and re-bar stakes 
were removed from the treatment section to allow the jet boat to be driven over the 
transect and then replaced after treatment. This was not done at index sites. Immediately 
before each day's treatment, water depth over the location occupied by individual 
treatment artificial redds was measured. Water depth over index redds was measured on 
the last day of treatment (August 24).
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1993 Field Trial
In 1993 an additional embryo survival experiment was conducted on Jet Boat 
Slough during August 2-21. This experiment consisted o f two treatment and two control 
stream sections. Treatments were assigned to the furthest sections upstream (section 1) 
and downstream (section 2) o f the four sections (Figure 5). The other two sections were 
designated control sections 1 and 2 and approximately corresponded to 1992 index 
sections. Sections were separated by at least 30 m; this allowed boat passes to be made 
over individual sections without affecting adjacent sections. Substrate samples taken in 
1992 near the four sections were used for characterizing sections. Velocity profiles were 
measured at a point immediately upstream of each section. Stream temperature at 10 cm 
gravel depth in an area near treatment section 2 was logged at approximately 0.5 h 
intervals during the experiment.
Sockeye salmon were captured by seine and gametes stripped from three males 
and three females (midorbital-hypural length ranges: 54-62 cm). Containers used for 
artificial redds in 1993 differed from those used in 1992. They were 15 cm long, made of  
9.3 cm inside diameter tubing with a uniform pore size o f 2.5 by 4.2 mm (nominal open 
area o f 33%); the bottom was closed with similar-sized mesh. Each basket was filled with 
10 cm of stream gravel on top of which was placed a single layer o f 100 fertilized, 
water-hardened eggs. Eggs were counted out in five groups o f 20 using a Plexiglas board, 
similar to that of Piper et. al. (1983), drilled with 20 holes. Another 5 cm of gravel was 
used to fill baskets. In contrast to the containers used in the 1992 field trial, basket tops
u>ts>
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were left open. A piece o f colored flagging was tied to the open end of each basket. On 
August 2, ten baskets were lowered into evenly spaced (0.5 m), pre-excavated depressions 
along a transect in the stream-bed of each section (nearly 1,000 eggs per section). One 
basket in treatment section 1 and three baskets in control section 1 were spilled and 
consequently received only approximately 50 to 85 eggs. Because egg supply became 
depleted, three baskets in control section 2 received only 20 eggs. Baskets were then 
covered with stream gravel such that the open top of the basket and eggs were 5 cm and 
10 cm, respectively, beneath the substrate surface. By marking the flagging 5 cm above 
the top o f each basket, eggs were buried to a uniform gravel depth of 10 cm. The entire 
transect in each section was covered with a length of 1.2 m wide, 3.2 cm mesh, 
polypropylene netting pinned flat to the bottom with re-bar stakes in an attempt to prevent 
the capsules from being dislodged by the digging action o f spawning fish.
On August 9, netting and re-bar stakes were removed from all four transects and 
treatments were delivered to treatment sections 1 and 2. Examination of timers removed 
concurrently indicated the median stage of embryonic development that was being treated. 
Before treatment or measurement of water depth over baskets, gravel depth over baskets 
was checked to ensure that eggs remained at a gravel depth of 10 cm. Treatment 
proceeded by making 20 consecutive upstream boat passes over the transect. Passes were 
made with the boat driven on plane and, as nearly as possible, the mid-line of the boat 
centered directly over the transects. Observations of gravel movement patterns along the 
transect were made periodically during treatment. After treatment, each section was
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re-covered with netting and re-bar and left undisturbed until August 21 when all eggs were 
removed. Examination of embryos in timers indicated the median stage of embryonic 
development for test embryos that survived the experiment. Data were analyzed using a 
series of logistic analysis o f variance (ANOVA) models (Agresti 1990) and Tukey-Kramer 
multiple comparisons (Sokal and Rohlf 1981) o f resultant ANOVA parameters.
During each treatment pass in both sections, pressure waves were recorded at a 
standard point in sections. The pressure transducer was placed on the stream bottom 
approximately 1 m upstream of transects in 35 cm of water. Variability of treatment 
passes within sections was characterized by calculating the coefficients of variation (C V) 
for the maximum positive pressure and maximum negative pressures. Separate F-tests 
(Sokal and Rohlf 1981) were used to test the equality o f variances for positive and 
negative pressures between the two groups of passes.
Laboratory Procedure
Laboratory trials were conducted at the Fort Richardson Hatchery (Alaska 
Department of Fish and Game) near Anchorage, Alaska. Third generation, age-3 rainbow 
trout (Big Lake strain) were used as a source of gametes.
By subjecting rainbow trout embryos to simulated jet boat pressure waves in the 
laboratory, the effect of multiple jet boat passes on three stages o f embryonic development 
was tested. A device for producing pressures o f known magnitude (Figure 6) was used to 
simulate pressure wave measurements from the small, American Creek jet boat (boat 1, 
Table 1), and from the largest inboard jet boat (boat 7, Table 1). The experiment
Figure 6. Portable pressure chamber used for simulating and applying jet boat pressure 
waves to rainbow trout embryos incubating in artificial redds.
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consisted o f exposing baskets o f embryos incubating in gravel to pressure fluctuations that 
simulated pressure waves measured from these two boats. Range in gravel diameter was 
0.2-76 mm. Most o f the gravel (52% by weight) was larger than 19 mm.
The pressure apparatus consisted of a lower egg chamber (21.6 cm high by 10.2 
cm diameter) and an upper pressure diaphragm head consisting of two small cavities 
"0"-ring sealed to the top of the egg chamber. A diaphragm at the bottom of the pressure 
head was moved by compressed air entering the small cavities. By directing air flow into 
the upper cavity, the diaphragm moved downward producing a positive pressure in the 
egg chamber. By directing air flow into the lower cavity, the diaphragm moved upward 
producing a negative pressure in the egg chamber. Four electronically operated solenoid 
valves (two on each cavity) controlled air flow into each cavity. For each cavity, one 
valve acted as an exhaust valve and the other as a pressure inlet valve. Each solenoid 
valve was independently controlled by a computer program that directed air flow and 
shaped the pressure pulse by opening and closing valves for varying duration. Shape of  
the pressure wave was under operator control through computer software. A pressure 
transducer connected to a port at the bottom of the egg chamber recorded pressure waves.
Baskets such as those used for the 1993 field trial at American Creek contained 
fertilized eggs from rainbow trout (eight females and four males). One-hundred eggs were 
placed in each of 45 baskets. Eggs were counted out in five groups o f 20 using a Plexiglas 
board drilled with 20 holes. Eggs were placed in five, alternating layers with gravel. 
Baskets were placed underwater in a fiberglass trough for loading with gravel and eggs
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and left to incubate. Trough dimensions were 4.9 m long, 27 cm wide, and 29 cm high. 
The trough was filled with water to a depth of 20 cm and adjusted to a continuous 
through flow rate o f approximately 25 L/min. A data logger recorded the hourly 
maximum, average, and minimum water temperature taken at four minute intervals; water 
temperature was held at an average of 8.0°C (95% confidence interval: ±0.73) over the 
course o f the experiment.
Baskets were placed in the egg chamber for treatment by detaching the chamber's 
removable base, lowering it into the water next to a basket, gently placing the basket on 
the base, and re-attaching the base. The egg chamber was completely water-sealed so 
embryos in baskets could receive treatment without being removed from water. Following 
treatment, the process was reversed and baskets were returned to their original location in 
the trough for eggs to continue incubation. Periodic checks of timers at key points during 
the experiment indicated the embryonic stage of development in test embryos. Though 
time o f fertilization was identical for all eggs, three stages of development were treated by 
performing treatments at intervals throughout the incubation period.
Randomly selected baskets were assigned to one of either 18 treatment groups (2 
replicates per group) or 9 controls (no replication) (Table 3). Nine of the treatment 
groups received simulated pressure waves from the small boat only, and the other nine 
received simulated pressure waves from the large boat only. Depending on the treatment 
group, stage 4, 10, and 22 embryos were subjected to 1, 10, or 50 simulated passes from a
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Table 3. Total number of eggs and replicates (in parentheses) exposed to various
treatments for pressure chamber experiment.
1 pass 10 passes 50 passes Totals
Small boat wave (American Creek)
Stage 4 200 (2) 200 (2) 200 (2) 600 (6)
Stage 10 200 (2) 200 (2) 200 (2) 600 (6)
Stage 23 200 (2) 200(2) 200 (2) 600 (6)
Subtotal 600 (6) 600 (6) 600 (6) 600 (6)
Large boat wave (Rogue River)
Stage 4 200 (2) 200 (2) 200 (2) 600 (6)
Stage 10 200 (2) 200 (2) 200 (2) 600 (6)
Stage 23 200 (2) 200 (2) 200 (2) 600 (6)
Subtotal 600 (6) 600 (6) 600 (6) 600 (6)
Control
stage 4 100(1) 100(1) 100(1) 300 (3)
stage 10 100(1) 100 (1) 100(1) 300 (3)
stage 23 100(1) 100(1) 100(1) 300 (3)
Subtotal 300 (3) 300 (3) 300 (3) 300 (3)
Total 1500(15) 1500(15) 1500(15) 4500 (45)
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jet boat. The nine control baskets were placed in the chamber for a period of time equal 
to that required to perform the particular treatment for which they were controlling. All 
eggs were incubated for a long enough period of time to allow surviving embryos to 
hatch. At the end of the experiment, eggs were removed from baskets and placed in 
Stockard's solution. Data analysis consisted of chi-square test of homogeneity.
Adult Behavior
Jet boats were operated near sockeye salmon exhibiting spawning behavior and 
reactions of spawners were observed. Sockeye were considered to be exhibiting spawning 
behavior if they were excavating stream gravel or defending an excavation. Incidental 
observations of spawners reacting to human wading and Alaskan brown bears Ursus 
arctos were made.
Pressure Measurements
Pressure waves from all boats consisted of a positive pressure component followed 
by a negative pressure component (Figures 1-3 Appendix). Gauge pressure was 
calculated by subtracting out ambient pressure (atmosphere plus water depth). Pressure 
magnitude and wave shape depended on hull and motor configuration (Figure 7). Boats 
with inboard motors produced the greatest positive pressure for all boats tested. The 
negative pressures for these boats were relatively small in magnitude. For the range o f jet 
boats tested, pressure waves from the American Creek boat produced the smallest 
pressure differences (4.06 kPa, 0.59 psi) while pressure waves from the largest inboard jet 
boat persisted the longest and consisted of the greatest pressure difference (9 .65 kPa, 1.40 
psi) (Figure 8).
At 30 cm water depth, pressure signal attenuation increased with increasing 
horizontal distance o f the boat from the pressure transducer (Figure 9). Pressure 
differences were greatest for passes made directly over the transducer (6.24 kPa, 0.90 psi) 
and substantially less for passes that were 20 cm (2.28 kPa, 0.33 psi), 40 cm (1.39 kPa, 
0.20 psi), and 60 cm (1.04 kPa, 0.15 psi) offset. When the boat was centered and passed 
directly over the transducer (no horizontal offset) and the transducer buried beneath 10 cm 
of gravel in 30 cm of water, pressure difference was 3 .42 kPa (0.50 psi). When water 
depth was increased to 60 cm with the transducer lying, unburied, on the stream bottom,
Results
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the pressure difference was 2.79 kPa (0.40 psi).
Gravel Displacement
Observations o f bands of colored gravel revealed that direction of gravel 
displacement was opposite to the direction of boat travel at a velocity o f 0.84 m/s 
(velocity at 0.6 of the total depth). After 10 upstream passes, the top of the center gravel 
band had been shifted downstream approximately 1.5 m and band length had been 
stretched from 3 m to 15 m (measured between the two most distant particles in band). 
Gravel movement in adjacent bands (adjacent band edges 30 cm from boat mid-line) was 
only barely detectable indicating that the most severe gravel movement occurred within 
15-30 cm of either side of the mid-line (30-60 cm total width) of the passing boat (Figure 
10). A single boat pass made in the downstream direction moved colored gravel 
upstream. No measurement of the distance of upstream displacement was made. Jet boat 
propulsion is provided by water being discharged at high velocity from the jet unit nozzle 
in an opposite direction of travel. It is this high velocity that seemed to be responsible for 
the bulk of gravel movement.
Egg Movement
Under-gravel recordings of salmon eggs in the Plexiglas box were of high enough 
quality to clearly see eggs. No movement was detected by eggs buried at 10 cm gravel 
depth and 18 cm water depth from either upstream or downstream boat passes.
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Embryo Survival
1992 Field Trial
Mean water temperature in Jet Boat Slough during the incubation period was 
10.3°C (95% confidence interval: ±1.9°C) (Figure 5 Appendix). Examination of timer 
embryos removed concurrently with treatment revealed that median stages o f development 
for the six consecutive days o f treatment were stage 8, 8, 9, 10, 10, and 12 (Figure 6 
Appendix). Treatment embryos matching these stages o f development were considered to 
have potentially died from treatment effects. Because o f variability in stage of 
development observed among timer embryos, treatment embryos at stage 11 and 13 were 
included as having potentially died from treatment. Embryos exhibiting stage 14, and 
later, of development were considered to have survived the experiment. One capsule 
disappeared midway through the experiment.
Upon examination o f some eggs, stage o f development was impossible to 
determine even though fertilization was apparent. In most cases this was due to rupturing 
of the chorion. Because these eggs were obviously fertile, they were included in 
calculations o f overall experimental mortality; however, they were classified as unknown 
source o f experimental mortality and analyzed separately from stage 8-13 mortality. Stage 
8-13 mortality for all embryos, combined, in the treatment section was 63% as compared 
to 0% for all embryos, combined, in index sections. Much o f the experimental mortality 
(stage 8-13 mortality and unknown mortality, combined) in all treatment embryos 
occurred at stage 8 o f embryonic development (48%).
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Water depth in the index sections taken on the last day o f treatment (August 24) 
ranged from 25 to 37 cm. Average water depth over treatment artificial redds during the 
six days o f treatment ranged from 13 to 31 cm. In the treatment section, eggs incubated 
at water depths o f 23 cm and less all died before the end of the experiment (100% 
experimental mortality) (Figure 11, Table 1 Appendix); 82% of this experimental mortality 
occurred during the treatment period (stage 8-13). Only 29% of eggs incubated at water 
depths of 26-31 cm experienced experimental mortality; only 18% of this experimental 
mortality occurred during the treatment period.
Approximately 85% of the substrate by weight in each of the index sections ranged 
between 1 and 50 mm in diameter (Figure 7 Appendix). Water velocities taken at 0.6 of 
the total depth on the day o f treatment were 0.86 m/s in the treatment section, and 0.83 
m/s and 0.97 m/s in each of the index sections (Figure 8-9 Appendix).
1993 Field Trial
Two types of embryo mortality were evident that could have potentially resulted 
from treatment effects. The first type was eggs that disappeared from artificial redds. 
During the experiment, eggs were apparently dislodged from artificial redds in both 
treatment and control sections as evidenced by fewer eggs present in some baskets at the 
end o f the experiment than were present at the beginning of the experiment. Eggs missing 
from treatment redds were considered to have potentially died from treatment effects.
The second type o f mortality was embryos that died in the redd; this was measured 
as development that was arrested between the median stage at treatment and the median
48
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stage at the end o f the experiment. Mean temperature during incubation was 11 0°C 
(95% confidence interval: +0.55°C) (Figure 13 Appendix). Treatments were delivered 
when median stage o f embryonic development in timers was 11 (80 temperature units 
(TU); 1 TU=1°C above 0 for a period o f 24 h) (Figure 6 Appendix). Embryos were 
removed from baskets at median stage 20 (221 TU). Because o f observed variability in 
stage o f development for timer embryos, embryos at stage 10 were considered to have 
died due to treatment. Stage 19 embryos, and later, were considered to have survived the 
experiment. Therefore, all embryos in treatment sections that exhibited a stage of 
development from 10 through 18, inclusive, were considered to have potentially died from 
treatment effects. There were embryos in the control group that died during this 
development period.
Gravel movement was quite severe in treatment sections. Immediately following 
passes in treatment section 1, the four furthest upstream redds, and the furthest 
downstream redd were all exposed enough so that the top 2-3 cm of baskets were visible. 
Baskets occupying position 5-9 from the top had an additional 5-8 cm of fine substrate 
(including sand) heaped on top of them. Immediately following passes in treatment 
section 2, baskets occupying positions 1, 2, 4, and 5, from the upstream end, were 2-3 cm 
exposed. The five downstream baskets had an additional 2-3 cm of fine substrate 
(including sand) heaped on top o f them. At the end o f the experiment, it was noted that 
these baskets also had a large amount o f sand mixed in with the eggs and gravel. Mean
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water depth over baskets in sections on the day of treatment was 24 cm and 18 cm for 
treatment sections 1 and 2, and 25 cm and 20 cm for control sections 1 and 2.
Based on pressure recordings, treatment passes varied within and between sections 
(Figure 12). The CV for the positive pressures were 5.4% for treatment section 1 and 
10.9% for treatment section 2. The CV for the negative pressures were 22.8% for 
treatment section 1 and 17.2% for treatment section 2. The F-tests for differences in 
variances between the two groups of treatments indicated a significant difference in both 
the positive (P=0.0006) and negative pressures (P=0.0172).
For each artificial redd, counts were made of the total number of eggs that were 
missing at the end of the experiment. Counts were also made of the total number of eggs 
exhibiting stage 10-18, inclusive, of embryonic development. Combined, these two 
sources represented total potential treatment mortality for artificial redds in treatment 
sections. In control sections, these two counts were considered coincidental natural 
mortality. Three data sets were derived by calculating the following three proportions for 
each artificial redd (one basket in treatment section 2 could not be located at the end of 
the section) and then as a whole for all eggs in each section:
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where:
nb = number of eggs present at the beginning o f the experiment; 
ne = number of eggs present at the end o f the experiment; 
ns = number o f eggs at sensitive stages (10-18) o f embryonic development; 
nu = number o f unfertilized and unreadable eggs.
Total potential treatment mortality varied from 1 to 100% in treatment baskets 
(Figure 13, Table 6 Appendix). By contrast, with the exception o f the five most 
downstream artificial redds in control section 1, the range was 0 to 19% in control 
sections. Only 5% and 17% of stage 10-18 embryos in treatment sections 1 and 2 
exhibited a stage of development prior to stage 17 (stages 10-16), suggesting a delayed 
mortality effect. When baskets were combined within sections, missing egg mortality and 
stage 10-18 mortality was 52% and 62% in treatment sections 1 and 2 as compared to 
only 8% in control section 2. In control section 1, such mortality exceeded 40% in each 
of the five most downstream redds. During the experiment, the area containing these five 
redds received greater digging activity from spawning sockeye salmon than any other 
section. This activity probably accounted for the higher observed mortality compared to 
other control redds. Because o f this effect on control redds, three additional, censored 
data sets representing the three mortality rates o f interest were constructed with the five 
extreme observations in control section 1 excluded. Missing egg mortality and stage 
10-18 mortality for control section 1 was 15% when these extreme observations were 
removed.
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When applied to the six data sets, individually, within-section data variability was 
too extreme in all six data sets to accurately estimate mortality rates for sections using 
logistic ANOVA (goodness o f fit P<0.0000 for all six ANOVA models). However, single 
factor logistic ANOVA models strongly suggested that mortality rates were different 
between sections (P<0.0000 for all data sets). Because ANOVA models (Table 7 
Appendix) did not fit the data, model parameters alone had no meaning. However, a 
relative comparison o f parameters was used to rank the magnitude of embryo mortality 
within each o f the six data sets. To accomplish this, parameter values and their standard 
errors were used to construct Tukey-Kramer confidence intervals at an experimentwise 
error rate of a=0.05 for multiple comparisons o f section parameters thus, indirectly, their 
mortality rates (Table 4). Except for the stage 10-18 mortality data set that showed no 
significant difference between treatment section 1 and control section 1, mortality was 
highest in treatment sections for uncensored data sets. For each o f the three censored data 
sets, all forms o f mortality were higher in treatment sections than control sections.
Based on 1992 substrate samples, 83% and 78% o f substrate was between 1 and 
50 mm in diameter in treatment sections 1 and 2. In controls, 85% and 87% of the 
substrate was between 1 cm and 50 mm diameter (Figure 7 Appendix). Substrate in 
treatment section 2 was smaller than treatment section 1 as evidenced by only 4% of 
substrate in treatment section 1 less than 0.6 mm as compared to 14% in treatment section 
2. Water velocities were similar among sections (Figure 14 Appendix). Average profile
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Table 4. Tukey-Kramer multiple comparisons of parameter estimates from single­
factor (stream section) logistic ANOVA models for six data sets. Three data sets 
include all observations in control section 1, and three data sets have the five most 
downstream observations removed. Experimental units that are underlined are not 
significantly different at an experimentwise error rate o f a=0.05.
Experimental Unit
Source o f Lowest Intermediate Highest
Mortality Mortality Mortality Mortality
Analyses with control section 1 uncensored 
Missing egg mortality Control 1 Control 2 Treatment 2 Treatment 1
Stage 10-18 mortality Control 2 Treatment 1 Control 1 Treatment 2
Combined mortality (missing Control 2 Control 1 Treatment 1 Treatment 2
eggs and stage 10-18)
Analyses with control section 1 censored 
Missing egg mortality Control 1 Control 2 Treatment 2 Treatment 1
Stage 10-18 mortality Control 2 Control 1 Treatment 1 Treatment 2
Combined mortality (missing Control 2 Control 1 Treatment 1 Treatment 2
eggs and stage 10-18)
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velocities (taken at 0.6 of the total depth) in treatment sections 1 and 2 were 0.58 m/s and 
0.46 m/s, respectively . Water velocities in control sections were 0.67 m/s and 0.83 m/s.
Laboratory Trial
Simulated pressure waves in the pressure chamber were similar to those measured 
from actual jet boats (Figure 14). Because the experiment continued long enough to allow 
most surviving rainbow trout embryos to hatch (377 TU), the developmental period 
indicating potential treatment mortality for test embryos extended to stage 22 for all 
groups. The median stages o f development treated were stage 4 (5 TU), stage 10 (69 
TU), and stage 22 (248 TU) (Figure 15 Appendix). Taking into account variability in 
development present in timers, embryos treated at stage 4 that exhibited stage 3-22 of 
development were considered to have potentially died from treatment. Similarly, for the 
stage 10 treatment group, potential treatment mortality was measured as the number of 
embryos exhibiting stage 9-22. For the stage 22 treatment group, only stage 22 mortality 
could be considered as potential treatment mortality. Mortality in control redds was 
calculated similarly for comparison with their respective treatment group.
The comparison made between potential treatment mortality in treatment groups 
and mortality during the same period in controls (Figure 15, Table 8 Appendix) showed no 
significant difference between control redds and redds receiving simulated boat passes 
from either the small or large jet boat (y2=0.83, degrees o f freedom=2, P=0.6603). It was 
therefore concluded that none o f the treatments had any significant effect on embryo 
survival.
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Adult Behavior
Spawning sockeye salmon were slow to respond to passes made with the jet boat 
used on American Creek. Only when the boat was a few feet away did any noticeable 
reaction occur. Fish scattered in several directions seemingly unsure o f the source of 
disturbance. In most cases, individual fish returned to their original positions after a few 
seconds to a minute. By contrast, spawners reacted to the disturbance caused by a wading 
human at a relatively greater proximity. At times, a shadow alone was enough to cause a 
response. Individuals also tended to take longer, usually 3-5 minutes, to return to their 
original positions. Incidental observations o f wading bears seemed to elicit a similar 
response. The direction o f fish movement due to either wading people or bears was in all 
cases away from the disturbance.
Discussion
The results o f the 1992 experiment at American Creek were viewed as preliminary 
because o f the lack o f a control group for comparison with the treatment group.
However, the high response in stage 8-13 embryo mortality as compared to mortality for 
the same period in the index group alluded to an effect on embryo survival from jet boats. 
Further, water depth was indicated as a potential factor based on the differential response 
of stage 8-13 mortality for treatment redds at water depths < 23 cm as compared to 
treatment redds at water depths > 26 cm. These preliminary data are not necessarily 
indicative o f some threshold depth level and should not be interpreted as such.
The relatively greater positive pressure for inboard jet boats is probably explained 
by their greater overall weight. However, the effect o f this weight acting alone, as 
represented by pressure, did not seem to have an effect on incubating rainbow trout 
embryos at either stage 4, 10, or 22 o f development. The results o f the experiment which 
subjected these stages to multiple exposures o f pressure waves simulating those produced 
by either the small, American Creek boat or the larger Rogue River boat are evidence of 
this. Stage 10 was selected for treatment because of work by Jensen and Alderdice (1989) 
suggesting that the period o f gastrulation, particularly stages 10 and 11, in steelhead trout 
and five species of Pacific salmon embryos is the most shock-sensitive period in embryonic 
development. A similar period o f sensitivity has been shown specifically for pink salmon 
O gorbuscha (Smirnov 1954); chum salmon (X keta (Smirnov 1955); sockeye salmon
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(Ievleva 1967); and coho salmon CL kisutch (Jensen and Alderdice 1983). Stage 22 was 
selected because of similar evidence by Roberts and White (1992) indicating that rainbow 
trout embryos immediately prior to hatching (approximately 300 TU) are sensitive to the 
effects of human wading. The stage 22 treatment we performed was on embryos that had 
accumulated 248 TU. Though still stage 22, this was somewhat earlier in development 
than the treatment time for the experiments of Roberts and White. Stage 4 was selected 
for treatment as an example o f a known resistant period in the embryonic development o f  
Pacific salmon and steelhead (Jensen and Alderdice 1989).
The negative result from the simulated pressure experiment discounts the role of 
pressure alone as being an important factor in embryo mortality from jet boats. This is 
generally consistent with the study done in New Zealand by Sutherland and Ogle (1975). 
Exposure o f 9 day old chinook salmon embryos to static pressures o f approximately 60 
kPa and oscillating pressures o f 12.8 kPa positive amplitude and 8.5 kPa negative 
amplitude (Ogle 1972) had no effect on survival. However, the authors maintained that 
such pressures create intragravel water flows sufficient to accelerate eggs in redds against 
gravel particles thus rupturing egg membranes and killing embryos. Based on empirical 
measurements o f pressure gradients in a salmon redd, they converted these pressure 
gradients to water velocities o f 18-30 cm/s. The result was a model o f egg movement in a 
redd that was represented by an experiment in which eggs were injected into a volume o f  
moving water and carried along until they impacted gravel particles. The highest embryo 
mortality observed from this treatment was 40%.
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The duration o f exposure of eggs to pressure from a single jet boat pass in redds 
seems insufficient to create water velocities resulting in egg movement and fatal impacts 
with gravel. Ogle (1972) stated that the duration o f increased water flows they subjected 
eggs to (up to 1 min) was more representative o f multiple jet boat passes. That statement 
is not necessarily valid because under a multiple boat pass scenario, eggs would be 
exposed to a single short "burst" of pressure (less than 10 s) for each pass rather than one 
long exposure as the authors modeled in their experiment.
Evidence refuting increased water flows in redds came from video observations of 
eggs buried in the Plexiglas box. The experiment performed showed no movement of 
eggs in 18 cm of water when passed over with the American Creek jet boat. The box was 
buried beneath 10 cm of gravel; including the 4 cm height o f the box, eggs, which rested 
on the bottom of the container, were actually 32 cm from the passing boat. It should be 
expected that because gravel was not present in the box, any increase in water flow from 
boat passes would result in more severe movement o f eggs than if gravel were present. 
Either increases in water flow were not occurring or the increases were insufficient in 
either duration or magnitude to move eggs.
Because o f observations of eggs in the Plexiglas box, and the fact that eggs were 
incubated in small enclosures with gravel, it is unlikely that acceleration o f eggs from 
increased water velocity could explain the mortality observed in the 1992 field trial. 
Gangmark and Broad (1956) observed high mortalities for salmon embryos incubating in
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mesh bags as a result o f bedload movement caused by floods. Their finding may explain 
the apparent effect observed in the 1992 field trial.
The fact that gravel movement was observed in a narrow band near the boat 
mid-line suggests that embryos should not suffer mortality unless jet boats travel directly 
over them. For the single engine jon boat (boat 2, Table 1) used in studies o f gravel 
movement (100 cm wide bottom), this zone o f effect was only 30-60 cm wide. The 
greatest cause o f spawning gravel movement from jet boats [diameter range 6-102 mm for 
most stream spawning salmonids (Bjomn and Reiser 1991)] appears to be a high velocity 
discharge of water from the nozzle o f the jet unit. As water is discharged from the nozzle, 
surrounding water is accelerated which in turn clears away gravel on the stream bottom.
Accordingly, in 1993 attention was focused on testing gravel movement as 
potentially being the overriding mechanism causing embryo mortality from jet boats. The 
use of larger, open-topped baskets for the 1993 field trial was a direct result o f this 
reasoning. The open-topped condition of baskets used in 1993 was more representative o f  
natural redds than the enclosed containers used in 1992 in that they allowed the 
phenomenon of egg loss to occur. Vronskii and Leman (1991) indicated that the washing 
away of chinook salmon eggs from natural redds in the Kamchatka River may be a 
significant form of embryo mortality. The 20 consecutive jet boat passes in treatment 
sections performed in 1993 resulted in a more readily observable movement o f gravel. 
Along with the open-topped baskets, these two facets of experimental design allowed the
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identification of two sources of embryo mortality from jet boats: eggs that were washed 
away from redds and eggs that died in place.
It is reasonable to assume that eggs that are dislodged from redds will suffer 
mortality from either egg predators (chiefly Dolly Varden Salvelinus malma in American 
Creek), or movement and impact upon being exposed to stream flow. Such losses 
occurred in treatment and control sections. However, the fact that higher egg losses were 
incurred in both treatment sections suggests a treatment effect. Treatment section 1 
experienced the greatest loss o f eggs from baskets. The pattern o f lost eggs in this section 
corresponded well with observations o f baskets that were uncovered during treatment 
passes. With the exception o f the sixth basket from the top, baskets with the highest 
proportion o f missing eggs were also the baskets that were uncovered during treatment.
Baskets in treatment sections with high numbers o f embryos that died in place 
from potential treatment effects (stage 10-18 mortality) had fine substrate heaped on top 
of and inside o f them. Stage 10-18 mortality was highest in treatment section 2. The five 
downstream baskets in treatment section 2 were in such a condition at the end o f the 
experiment; this corresponded with the high stage 10-18 mortality suffered by embryos in 
these baskets and overall in this section.
McNeil and Ahnell (1964) and Reiser and White (1988) confirmed that sediments 
smaller than approximately 0.84 mm were detrimental to chinook salmon and steelhead 
embryo survival. Though relative proportions were not calculated, from visual inspection 
much o f the fine sediment heaped on top and inside o f baskets in treatment section 2 was
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less than 0.84 mm in diameter. In this section, there was a higher proportion of sediments 
less than 0.6 mm (14%) than treatment section 1 (4%). These factors may explain the 
result that the majority of mortality in that section was embryos that died in place (stage 
10-18).
Though treatment occurred when embryos were at median stage 11, mortality of 
all stage 10-18 embryos was higher in treatment sections than in controls when the 
analysis was performed with control section 1 data censored. The predominance o f this 
mortality occurred at stages 17 and 18 implying some sort o f delayed or chronic effect 
from treatment. Ievleva (1967) also observed a protracted period of mortality and noticed 
embryo deformities from tests o f shock sensitivity in sockeye salmon eggs. The 
explanation of such a delayed effect may come from results o f Beschta and Jackson 
(1979). They found that intrusion o f fine sediments (< 0.2 mm) clogged pore spaces in 
sediments of 15 mm diameter. Reiser and White (1988) showed low intragravel water 
velocity in fine sediments and an associated low survival o f embryos. The implication is 
that fine sediments result in reduced intragravel flows and impede the exchange of oxygen 
and waste products necessary to sustain incubating embryos. As embryos develop, their 
oxygen demand becomes greater. Wickett (1954) found that embryos develop a 
circulatory system around the eyed stage (stage 20) and that prior to this embryos rely on 
the diffusion of oxygen to meet their needs. The effects of sedimentation become more 
critical as the developing embryo approaches stage 20 and less critical once the more 
efficient circulatory system is functional.
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From this evidence, inclusion o f all stage 10-18 embryos as potentially dying from 
treatment in treatment sections is supported. Censoring the results o f control section 1 is 
also supported. The heavy digging action by spawning sockeye in the lower half o f this 
section could have somewhat the same effect as running a jet boat over the section in that 
large amounts o f fine sediments were heaped on top of the five downstream redds in this 
section. Chapman (1988) reviewed the construction o f salmonid redds and stated that 
"mass cleaning" of gravel in the formation o f the egg pocket results in a washing 
downstream and settling out o f fine sediments. The author presented evidence that 
substrate permeability was lower in the tailspill o f redds than in the egg pocket itself.
The specific role and importance of water depth is unclear. Despite the greater 
mean water depth in treatment section 1 (24 cm) as compared to treatment section 2 (18 
cm) more eggs were displaced from redds in treatment section 1. However, it is unlikely 
that differences in water depth were pronounced enough to adequately assess depth as a 
factor. Bush (1988) found significant disturbances o f gravel from jet boats, but no 
difference in gravel disturbance between jet boats operating in either 18 or 26 cm of water.
From pressure recordings o f treatment passes taken at a single point upstream of 
sections there were significant differences between treatments in sections. Because of  
stream channel constraints, treatment section 1 passes were more difficult to deliver due to 
a relatively shorter distance between the boat take-off point and the beginning o f the 
transect. Possible consequences were that the boat was not quite on plane for the 
downstream portion o f the section and passes may not have been as straight as treatment
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section 2 passes. Additionally, it is likely that certain unknown differences in physical 
attributes between sections affected the level to which incubating embryos experienced 
treatment effects. The effect o f these differences as related to treatment effects can not be 
fully explained by the experimental data. Nevertheless, comparisons o f overall mortality in 
treatment and control sections lend compelling evidence for a treatment effect.
The issue o f the depth in gravel at which incubating eggs may experience the 
effects from jet boats was not resolved from this study. However, clarification o f the 
responsible mechanisms is evidence that factors such as substrate size, number of boat 
passes, size o f boat, and depth of water should all be factors. Various authors have given 
the range o f gravel depths for incubating eggs of various salmonid species. Vronskii 
(1972) and Chapman et. al. (1986) reported egg depths as shallow as 10 cm in chinook 
salmon redds, but most eggs were buried in gravel depths ranging from 19-37 cm. Burner 
(1951) found eggs o f chinook, coho, chum, and sockeye in redds at gravel depths of 5-51 
cm, 8-51 cm, 8-43 cm, and 5-28 cm, respectively. Hooper (1973 as cited in Raleigh et. al. 
1984) determined mean gravel depth o f rainbow trout eggs to be 15 cm. Several authors 
have noted a relationship between female salmonid size and certain redd characteristics 
including depth o f eggs in redds (Ottaway et. al. 1981; Van den Berghe and Gross 1984; 
Crisp and Carling 1989; Chapman 1988; Bjomn and Reiser 1991). Observations o f eggs 
as shallow as 8 cm were made in sockeye salmon redds during field trials at American 
Creek. The 10 cm gravel depth used in the 1993 experiment at American Creek was a 
conservative but realistic representation of egg depths in salmonid redds.
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Because washing away o f eggs represents a significant form of mortality from jet 
boat turbulence, and it could occur at any stage o f development, less emphasis should be 
placed on the importance of relative sensitivities o f embryos to mechanical shock; 
nevertheless, this factor should not be totally discounted since we did observe embryo 
mortality for eggs that remained in place that could have died from shock. Jensen and 
Alderdice (1989) found that during the sensitive stages 10-11 (1/3-1/2 epiboly), sockeye 
salmon were least sensitive to mechanical shock and chinook salmon were the most 
sensitive. Steelhead were of intermediate sensitivity. For steelhead and five Pacific 
salmon species tested, they found log-linear sensitivity increases following fertilization and 
lasting to stage 8 and parabolic increases between stages 8 and 19 (encompasses 
gastrulation and organogenesis). Beyond stage 19 (early eyed stage) embryos o f all six 
species were relatively insensitive to mechanical shock.
Additional problems o f sedimentation may occur during the critical period of 
embryo emergence (Phillips et. al. 1975) as well as size reductions o f emergent fry due to 
low oxygen levels during incubation (Shumway et. al. 1964; Reiser and White 1988). The 
experiments at American Creek were not designed to test this. Another form of indirect 
mortality o f embryos may be from the proliferation of fungus ('Saprolengial species on 
dead eggs attacking otherwise healthy eggs (Ievleva 1967; Smith et. al. 1985). There was 
no significant amount o f fungus on eggs during field trials; however, this possibility was 
apparent from the experiment performed in the hatchery which lasted for a relatively 
longer period o f time.
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Alteration o f sockeye salmon spawning behavior is probably unimportant at least 
at low levels o f jet boat activity. The disruption created is intense but seems short enough 
in duration that fish could return to their positions rapidly. A study on the effects o f  
recreational boating on nest defense in longear sunfish Lepomis megalotus (Mueller 1980) 
showed little or no displacement o f guarding males due to motorized boats moving at high 
speeds. However, slower, un-motorized boats produced a greater rate of displacement. 
This is consistent with observations o f spawning sockeye at American Creek in that fish 
were more disturbed by slower-moving humans or bears wading in the stream than by jet 
boats. When territoriality and agression are high, reproductive success may be limited 
especially at high spawner densities (Chebanov 1991). Additional disturbances from jet 
boats could conceivably exacerbate these behaviors.
Several factors o f jet boat use could be addressed with further study. Most 
notably would be the amount and depth of substrate movement by boats with various 
hull/motor configurations and motor type (jet-driven vs. propeller-driven) over the range 
of gravel sizes and water depths and velocities used by spawning salmon. According to 
Bush (1988) there is a greater disturbance caused by propeller-driven boats relative to 
jet-driven boats at water depths o f 18 to 26 cm. The effect o f propeller boats on 
incubating salmonid embryos remains to be measured; however, if the finding of Bush 
holds, effects from propeller boats should be at least as deleterious as jet boats in water 
depths that both can operate. By relating spawning characteristics and level o f boat use to 
physical conditions in streams, it should be possible to develop an empirical model that
70
could help managers assess the risk of boating impacts on a particular stock. Further 
study is also necessary to assess the impacts on spawning behavior. Though low level jet 
boat use has no apparent effect on spawning sockeye, the effects o f high use and impacts 
on other species remain unresolved.
Conclusions
The following conclusions are supported by this study:
1.) under certain conditions, jet boats are capable of killing salmonid embryos in 
redds;
2.) jet boat turbulence can lead to salmonid embryo mortality through removal of 
gravel covering eggs in redds and subsequent washing away of eggs;
3 .) a combination o f mechanical shock and intrusion of fine sediments, caused by
gravel movement, may result in embryo mortality for eggs that remain in the redd;
4.) the zone of gravel displacement from a jet boat equipped with a single outboard 
engine is restricted to an area near the mid-line o f the boat;
5.) intense use by large jet boats can be expected to impact salmonid embryo survival 
where embryos are incubating in small substrate at shallow water and gravel 
depths;
6.) there is little or no effect on spawning sockeye salmon from low level (1 pass) jet 
boat activity.
These conclusions suggest that limiting jet boat use (size and intensity) may be 
warranted in shallow, constricted stream channels where the potential for substrate 
disturbance is high. However, the importance of jet boat-induced embryo mortality 
relative to other factors is not obvious. Jet boat-induced embryo mortality should be 
expected to be considerably lower than that caused by natural, density-independent factors
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[e.g.. freezing and dewatering (Reiser and White 1983), flooding and channel scouring 
(Vronskii and Leman 1991)]. Apparently, an important density-dependent source of 
sockeye embryo mortality at American Creek was the near total excavation o f the 
streambed by spawning sockeye in the highest quality spawning habitat. Losses of 
sockeye embryos due to superimposition of redds at high spawner densities has been noted 
as a potential limiting factor in fly production (West and Mason 1987; Chebanov 1991).
Although results support the hypothesis that jet boats are capable of adversely 
affecting salmonid embryo survival in individual redds, caution should be exercised in 
assessing the potential threat to individual stocks. West and Mason (1987) reported mean 
sockeye egg to fly survival for a multiple year study as being less than 50% and highly 
variable across years and sites (1,8%-72.6%). Egg to fly survival for other Pacific 
salmonids is similarly variable (Groot and Margolis 1991). The conclusion is that jet 
boat-induced embryo mortality would generally be expected to minimally impact 
recruitment for healthy stocks that spawn over broad regions of streams. Alternatively, 
depressed stocks or stocks that are reliant on specific or restricted stream reaches for 
spawning could be particularly vulnerable to jet boats and appropriate restrictions may be 
warranted. Such restrictions should be made on a case-by-case basis, avoiding blanket 
restrictions that fail to take site-specific conditions into account.
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Table 1. Fate of eggs receiving treatment on six consecutive days between stages 8 
and 12, Dolly Varden Slough, American Creek, 1992.
Water Stage Unknown
Depth 8 10 12 13 14 Mortality N
31 0 1 1 1 5 12 20
26 0 0 0 0 18 2 20
27 0 0 0 0 19 0 19
23 24 0 0 0 0 0 24
19 20 0 0 0 0 0 20
13 17 0 0 0 0 3 20
16 3 12 0
Missing
0 0 5 20
17 0 20 0 0 0 0 20
20 4 12 0 0 0 4 20
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Figure 7. Substrate composition for Jet Boat Slough, American Creek (as sampled
in 1992).
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Figure 12. Embryo fate (and stages treated), Jet Boat Slough experiment, American Creek, 1992.
Table 2. Fate o f  eggs in sections receiving treatment at stage 3, and associated control sections. Jet 
Boat Slough, American Creek, 1992.
Section
Water
Depth 7
Stage
8 9 Unfertilized Unreadable N
treatment 1 35 0 20 0 0 0 20
treatment 1 31 1 19 0 0 0 20
treatment 1 33 0 20 0 0 0 20
treatment 1 29 0 20 0 0 0 20
treatment 1 30 0 20 0 0 0 20
control 1 28 0 19 0 0 0 19
control 1 26 0 20 0 0 0 20
control 1 19 0 20 0 0 0 20
control 1 26 0 20 0 0 0 20
control 1 25 0 20 0 0 0 20
control 2 27 0 20 0 0 0 20
control 2 25 0 20 0 0 0 20
control 2 22 0 20 0 0 0 20
control 2 29 0 19 0 0 0 19
control 2 30 0 16 4 0 0 20
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Table 2. Continued.
Section
Water
Depth 7
Stage
8 9 Unfertilized Unreadable N
treatment 2 42 0 19 0 0 0 19
treatment 2 43 0 20 0 0 0 20
treatment 2 37 0 18 0 2 0 20
treatment 2 34 1 18 0 1 0 20
treatment 2 36 M issing
Total 9 376 13 3 0 377
Table 3. Fate o f eggs in sections receiving treatment at stage 10, and associated control sections, Jet 
Boat Slough, American Creek, 1992.
Section
Water
Depth 7 8 9 10
Stage
11 12 13 14 15 Unfertilized Unreadable N
treatment 1 31 0 0 0 0 0 3 2 14 0 0 1 20
treatment 1 35 0 1 0 0 0 8 5 5 0 1 0 20
treatment 1 36 0 0 0 0 0 0 2 17 0 0 0 19
treatment 1 33 0 0 0 0 0 6 9 4 0 0 0 19
treatment 1 40 0 1 0 0 0 4 4 9 0 0 1 19
control 1 23 0 0 0 0 0 0 0 10 8 1 1 20
control 1 21 0 0 0 0 0 0 0 14 2 1 2 19
control 1 29 0 0 0 0 0 0 0 14 3 2 1 20
control 1 31 0 0 0 0 0 0 0 19 0 0 1 20
control 1 26 0 0 0 0 0 0 0 14 4 2 0 20
control 2 25 1 0 0 0 15 0 0 0 0 0 3 19
control 2 26 0 0 0 0 8 10 0 0 0 2 0 20
control 2 28 0 0 0 0 2 16 0 0 0 0 2 20
control 2 29 0 1 0 0 0 17 3 0 0 0 0 21
control 2 32 0 0 0 0 15 3 0 0 0 0 2 20
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Table 3. Continued.
Water Stage
Section Depth 7 8 9 10 11 12 13 14 15 Unfertilized Unreadable N
treatment 2 38 0 18 0 0 0 0 0 0 0 0 2 20
treatment 2 45 0 4 12 0 0 0 0 0 0 0 4 20
treatment 2 35 0 6 9 5 0 0 0 0 0 0 0 20
treatment 2 41 0 0 0 17 2 0 0 0 0 5 0 24
treatment 2 46 0 0 0 0 0 8 4 5 0 1 2 20
Total 8 39 30 32 53 87 42 139 32 15 22 400
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Table 4. Fate o f  eggs in sections receiving treatment at stage 13, and associated control sections, Jet 
Boat Slough, American Creek, 1992.
Water Stage
Section Depth 7 8 9 10 12 13 14 15 16 17 Unfertilized Unreadable N  
treatment 1 36 0 0 0 0 0 0 0 1 9 0 0  0 1 20 
treatment 1 43 0 2 0 0 0 4 4 8 1 0  2 3 24 
treatment 1 22 0 0 0 0 0 0 0 4  16 0 0 0 20 
treatment 1 33 0 0 0 0 0 0 0 0  20 0 0 0 20 
treatment 1 26 0 0 0 0 0 0 0 0  20 0 0 0 20 
control 1 28 0 0 0 0 0 0 0 0  15 3 0 2 20 
control 1 27 M issing
control 1 29 0 0 0 0 0 0 0 0  23 0 0 1 24 
control 1 24 0 0 0 0 0 0 0 0  26 0 0 1 27 
control 1 36 0 0 0 0 1 0 5 4 8 0  0 1 19 
control 2 28 0 0 0 0 0 0 0 6 9 0  0 0 15 
control 2 26 0 0 0 0 0 0 5  18 1 0  0 0 24 
control 2 28 0 0 0 0 0 0 0 10 13 0 0 0 23 
control 2 28 0 0 0 0 0 0 0  10 18 0 0 0 28 
control 2 25 0 0 0 0 0 0 0 7  21 0 0 0 28
Table 4. Continued.
Water Stage
Section Depth 7 8 9 10 12 13 14 15 16 17 Unfertilized Unreadable N
treatment 2 54 0 0 0 0 0 0 0 13 7 0 0 0 20
treatment 2 52 1 12 4 2 0 0 0 0 0 0 0 1 20
treatment 2 53 0 0 0 0 0 0 18 0 0 0 0 1 19
treatment 2 62 0 1 13 6 0 0 0 0 0 0 0 0 20
treatment 2 66 0 4 7 4 0 0 0 0 0 0 3 2 20
Total 8 27 33 22 13 17 46 114 214 20 5 13 411
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Table 5. Fal 
Boat Slough
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m  Cre
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ek, 19
eceivi
92.
ing treat 
Stage
ment at stag e 14, aiid associated ccintrol sections, Jet
Section Depth 7 9 13 14 15 16 17 Unfertilized Unreadable N
treatment 1 22 0 0 0 0 3 15 0 0 2 20
treatment 1 19 0 0 0 0 0 20 0 0 0 20
treatment 1 24 0 0 1 8 3 0 0 0 8 20
treatment 1 22 0 0 0 0 0 12 8 0 0 20
treatment 1 22 0 1 0 0 0 19 0 0 0 20
control 1 33 0 0 0 0 2 22 0 0 0 24
control 1 34 0 0 0 0 1 12 0 0 7 20
control 1 37 0 0 0 1 7 11 0 0 1 20
control 1 34 0 0 0 0 2 7 8 0 3 20
control 1 29 0 0 0 0 1 10 4 0 5 20
control 2 26 0 0 0 0 0 11 7 0 1 19
control 2 25 0 0 0 0 1 15 1 2 1 20
control 2 27 0 0 0 0 0 17 1 1 1 20
control 2 33 1 0 0 0 0 17 0 1 0 19
control 2 31 0 0 0 0 4 16 0 0 0 20
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Table 5. Continued.
Water Stage
Section Depth 7 9 13 14 15 16 17 Unfertilized Unreadable N
treatment 2 73 0 0 0 0 0 10 5 3 1 19
treatment 2 60 0 0 0 0 0 12 6 2 0 20
treatment 2 71 0 0 0 0 0 13 5 2 0 20
treatment 2 67 0 0 0 0 1 16 0 0 2 19
treatment 2 71 0 0 0 0 3 16 0 0 1 20
Total 8 10 14 23 43 287 62 11 33 400
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Table 6. Fate o f eggs in treatment sections and control sections, Jet Boat Slough, American Creek, 1993.
Stage
Section Depth 8 9 10 11 12 13 14 15 16 17 18 19 20 Unfertilized Unreadable M issing N
treatment 1 25 0 0 0 0 0 0 0 0 0 12 12 30 0 0 1 30 85
treatment 1 26 0 0 0 0 0 0 0 0 0 1 4 77 0 7 1 10 100
treatment 1 22 0 0 0 0 0 0 0 0 0 0 0 39 0 2 0 59 100
treatment 1 28 0 0 0 0 0 0 0 0 0 0 0 61 0 2 2 35 100
treatment 1 26 0 0 0 0 0 0 0 0 0 4 0 87 0 3 0 6 100
treatment 1 26 0 0 0 0 0 0 0 0 0 1 26 0 0 0 6 67 100
treatment 1 25 0 0 0 0 0 0 3 6 0 16 63 0 0 1 3 8 100
treatment 1 23 0 0 0 0 0 0 0 0 0 5 10 67 0 1 4 13 100
treatment 1 23 0 0 0 0 0 0 0 1 3 24 58 0 0 2 0 12 100
treatment 1 17 0 0 0 0 0 0 0 0 0 0 1 49 0 0 4 46 100
control 1 25 0 0 0 0 0 0 0 0 0 0 0 90 0 1 4 5 100
Table 6. Continued.
Section Depth
Stage
Unfertilized Unreadable M issing N8 9 10 11 12 13 14 15 16 17 18 19 20
control 1 25 0 0 0 0 0 0 0 0 0 1 0 86 0 3 3 7 100
control 1 25 0 0 0 0 0 0 0 0 0 0 14 69 0 6 2 9 100
control 1 28 0 0 0 0 0 0 0 0 0 3 10 77 0 4 2 4 100
control 1 27 0 0 0 0 0 0 0 0 0 8 8 79 0 4 0 1 100
control 1 25 0 0 0 0 0 0 0 3 0 5 10 46 0 0 5 16 85
control 1 23 0 0 0 0 0 0 0 3 1 45 18 0 0 0 4 14 85
control 1 22 0 0 0 0 0 0 0 8 18 7 24 37 0 2 2 2 100
control 1 25 0 0 0 0 0 0 2 5 16 14 40 0 0 22 0 0 100
control 1 23 0 0 0 0 0 0 0 0 0 1 47 0 0 0 0 2 50
control 2 24 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0 20
oUi
Tabled. Continued.
Section Depth
Stage
Unfertilized Unreadable Missing N8 9 10 11 12 13 14 15 16 17 18 19 20
control 2 21 0 0 0 0 0 0 0 0 0 0 0 19 0 0 0 1 20
control 2 20 0 0 0 0 0 0 0 0 0 0 1 87 0 1 3 8 100
control 2 20 1 0 0 0 0 0 0 0 0 1 1 83 0 0 2 12 100
control 2 22 0 0 0 0 0 0 0 0 0 0 2 91 0 0 4 3 100
control 2 20 0 0 0 0 0 0 0 0 0 0 0 87 0 0 0 13 100
control 2 21 0 0 0 0 0 0 0 0 0 0 13 80 0 0 1 6 100
control 2 17 0 0 0 0 0 0 0 0 0 0 0 98 0 0 1 1 100
control 2 18 0 0 0 0 0 0 0 0 0 0 0 93 0 3 3 1 100
control 2 13 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0 20
treatment 2 18 0 0 0 0 0 0 0 0 0 1 12 54 0 1 5 27 100
oC\
Table 6. Continued.
Section Depth
Stage
Unfertilized Unreadable M issing N8 9 10 11 12 13 14 15 16 17 18 19 20
treatment 2 21 0 0 0 0 0 0 0 0 17 23 6 43 0 5 6 0 100
treatment 2 18 Missing
treatment 2 17 0 0 0 0 0 0 0 0 0 0 0 92 0 1 6 1 100
treatment 2 15 0 0 0 0 0 0 0 0 0 20 50 20 0 0 2 8 100
treatment 2 16 0 0 0 0 0 0 0 0 0 56 37 0 0 1 2 4 100
treatment 2 17 0 0 0 0 0 0 0 8 15 27 0 0 0 19 24 7 100
treatment 2 18 0 0 0 0 0 0 0 3 19 46 5 0 0 0 4 23 100
treatment 2 18 0 0 0 0 0 0 0 1 4 54 21 0 0 0 1 19 100
treatment 2 17 1 0 0 0 0 1 0 1 1 64 4 0 0 1 2 25 100
Total 2 0 0 0 0 1 2 32 91 376 323 1281 0 73 84 214 2480
Table 7. ANOVA components and parameter estimates from single-factor logistic ANOVA models for six data sets.
Degrees o f Scaled Standard
Data Set Source Freedom Deviance P-value Parameter Estimate Error
Uncensored, missing egg mortality section 1 0.0000 0.0000
stream section 3 252.6 0.0000 section 2 -1.6260 0.1421
error 35 414.3 0.0000 section 3 -1.7260 0.1605
total 38 666.9 0.0000 section 4 -0.9292 0.1109
Uncensored, stage 10-18 mortality section 1 0.0000 0.0000
stream section 3 727.2 0.0000 section 2 0.0139 0.0856
error 35 1654.6 0.0000 section 3 -2.8540 0.2422
total 38 2381.7 0.0000 section 4 0.8121 0.0791
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Table 7. Continued.
Degrees o f Scaled Standard
Data Set Source Freedom Deviance P-value Parameter Estimate Error
Uncensored, total potential treatment mortality section 1 0.0000 0.0000
stream section 3 731.7 0.0000 section 2 -0.4198 0.0687
error 35 1490.1 0.0000 section 3 -2.2060 0.1336
total 38 2221.8 0.0000 section 4 0.3657 0.0615
Censored, missing egg mortality section 1 0.0000 0.0000
stream section 3 239.3 0.0000 section 2 1.8600 0.2049
error 30 369.7 0.0000 section 3 0.1336 0.2464
total 33 609.0 0.0000 section 4 0.9307 0.2174
Table 7. Continued.
Degrees of Scaled Standard
Data Set Source Freedom Deviance P-value Parameter Estimate Error
Censored, stage 10-18 mortality section 1 0.0000 0.0000
stream section 3 869.0 0.0000 section 2 -1.5140 0.1636
error 30 1173.1 0.0000 section 3 -2.8540 0.2422
total 33 2042.1 0.0000 section 4 0.8121 0.0791
Censored, total potential treatment mortality section 1 0.0000 0.0000
stream section 3 921.2 0.0000 section 2 -1.6500 0.1276
error 30 1044.2 0.0000 section 3 -2.2060 0.1336
total 33 1965.4 0.0000 section 4 0.3657 0.0615
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Figure 14. Velocity profiles for sections in Jet Boat Slough, American Creek, 1993.
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Figure 15. Observed (points) and predicted (line) development at an
approximate incubation temperature of 10°C for embryos from eight spawning
pairs o f Big Lake strain rainbow trout.
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Table 8 . Fate of eggs in pressure simulation experiment, Fort Richardson Hatchery, 1993.
Stage
Treated
Size of 
Wave
Number of 
Passes 1,2 3-5 6-8
Stage
9-11 12-14 15-18 19-20 21-22 Hatched Unfertilized Unreadable N
4 control 1 0 0 0 0 0 0 0 0 79 7 14 79
4 control 10 0 0 2 0 0 0 1 0 89 4 4 92
4 control 50 0 0 0 0 0 0 0 0 87 4 9 87
4 small 1 0 0 2 0 0 0 0 0 82 5 11 84
4 small 1 0 0 2 0 0 0 0 0 84 4 10 86
4 small 10 0 0 1 0 0 0 1 0 88 1 9 90
4 small 10 0 0 2 0 0 0 0 0 79 1 18 81
4 small 50 0 0 0 0 0 0 3 0 81 4 12 84
4 small 50 0 0 0 0 0 0 2 0 82 0 16 84
4 large 1 0 0 0 0 0 0 0 0 75 4 21 75
4 large 1 0 0 0 0 0 0 0 0 84 0 16 84
Table 8. Continued.
Stage
Treated
Size of 
Wave
Number of 
Passes 1,2 3-5 6-8 9-11
Stage
12-14 15-18 19-20 21-22 Hatched Unfertilized Unreadable N
4 large 10 0 0 1 0 0 0 1 0 82 1 15 84
4 large 10 0 0 0 0 0 0 0 0 84 4 12 84
4 large 50 0 0 0 0 0 0 0 0 91 3 6 91
4 large 50 0 0 0 0 0 0 1 1 75 0 23 77
10 control 1 0 0 0 0 0 1 0 1 80 3 15 82
10 control 10 0 0 1 0 0 0 2 3 80 5 9 86
10 control 50 0 0 0 0 0 0 3 0 90 1 6 93
10 small 1 0 0 5 0 0 0 0 0 85 1 9 90
10 small 1 0 0 1 0 0 1 1 1 74 2 20 78
10 small 10 0 0 1 0 0 0 0 0 89 2 8 90
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£Table 8. Continued.
Stage Size of Number of Stage
Treated Wave Passes 1,2 3-5 6-8 9-11 12-14 15-18 19-20 21-22 Hatched Unfertilized Unreadable N
10 small 10 0 0 0 0 0 0 1 0 88 0 11 89
10 small 50 0 0 2 0 0 0 2 2 86 3 5 92
10 small 50 0 0 0 0 0 0 3 0 80 2 15 83
10 large 1 0 0 0 0 0 2 3 0 82 0 13 87
10 large 1 0 0 0 0 0 0 0 0 82 5 13 82
10 large 10 0 0 1 0 0 1 1 0 82 8 7 85
10 large 10 0 0 0 0 0 0 1 0 77 2 20 78
10 large 50 0 0 0 0 0 1 8 0 78 3 10 87
10 large 50 0 0 0 0 0 0 3 0 80 3 14 83
22 control 1 0 0 0 0 0 0 0 0 84 2 14 84
Table 8. Continued.
Stage Size of Number of Stage
Treated Wave Passes 1,2 3-5 6-8 9-11 12-14 15-18 19-20 21-22 Hatched Unfertilized Unreadable N
22 control 10 0 0 0 0 0 0 0 0 87 1 12 87
22 control 50 0 0 1 0 0 0 2 0 84 3 10 87
22 small 1 0 0 0 0 0 0 1 0 81 2 16 82
22 small 1 0 0 0 0 0 1 2 2 82 3 10 87
22 small 10 0 0 2 0 0 2 1 1 74 2 18 80
22 small 10 0 0 0 0 0 0 0 1 90 3 6 91
22 small 50 0 0 1 0 1 0 0 0 81 1 16 83
22 small 50 0 0 2 0 0 0 2 3 77 3 13 84
22 large 1 0 0 0 0 0 1 2 0 77 8 12 80
22 large 1 0 0 1 0 0 0 0 0 82 2 15 83
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Table 8. Continued.
Stage Size of 
Treated Wave
Number of 
Passes 1,2 3-5 6-8 9-11
Stage
12-14 15-18 19-20 21-22 Hatched Unfertilized Unreadable N
22 large 10 0 0 0 0 0 0 1 0 79 3 17 80
22 large 10 0 0 0 0 0 0 0 0 89 1 10 89
22 large 50 0 0 0 0 0 0 2 0 87 1 10 89
22 large 50 0 0 0 0 0 0 1 0 86 3 10 87
Total 0 0 28 0 1 10 51 15 3715 120 560 3820
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Figure 16. Substrate composition for pressure simulation experiment, Fort
Richardson Hatchery, 1993.
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